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Molecular Recognition of Paxillin LD Motifs
by the Focal Adhesion Targeting Domain
LDXLLXXL (Figure 1A). LD motifs have been identified
in the paxillin superfamily comprising paxillin, Hic-5, leu-
paxin, and PaxB, but also in other, unrelated proteins
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1Laboratory of Molecular Biophysics such as E6AP and ERC-55 (reviewed in Tumbarello et
al., 2002). Those molecules that have been shown to2 Biochemistry Department
South Parks Road bind to LD motifs are mostly cytoplasmic proteins impor-
tant for formation and signaling of FAs and for linkingOxford OX1 3QU
United Kingdom FAs to the cytoskeleton: FA kinase (FAK) (Hildebrand et
al., 1995; Tachibana et al., 1995), vinculin (Turner et3 Centre de Biochimie Structurale
UMR 5048 CNRS, UMR 554 INSERM, UM1 al., 1990), protein-kinase linker (p95PKL) (Turner et al.,
1999), Integrin-linked kinase (ILK) (Nikolopoulos and15 Avenue Charles Flahault
34093 Montpellier, Cedex 5 Turner, 2001), and actopaxin (Nikolopoulos and Turner,
2000). LD motifs are also exploited by a viral protein;France
interaction of the papilloma virus type 1 E6 protein with
LD motifs of paxillin, E6AP, and ERC-55 was shown to
coincide with the transformation of mammalian cellsSummary
(Chen et al., 1995; Tong and Howley, 1997). Based on
in vitro pull-down assays using 20 amino acid peptideFocal adhesions (FAs) are large submembrane signal-
derivatives of all five of paxillin’s putative LD motifs,ing complexes formed at sites of cellular attachment
Turner and colleagues observed some level of selectivityto the extracellular matrix. The interaction of LD motifs
in the LD-ligand interactions (Turner et al., 1999). Forwith their targets plays an important role in the assem-
example FAK binds paxillin LD4 and LD2, whereas ILKbly of FAs. We have determined the molecular basis
only associates with LD1 (Nikolopoulos and Turner,for the recognition of two paxillin LD motifs by the FA
2001; Turner et al., 1999) (Figure 1B).targeting (FAT) domain of FA kinase using a combina-
The structural basis of LD-ligand interactions hastion of X-ray crystallography, solution NMR, and ho-
been the focus of substantial efforts (for a recent review,mology modeling. The four-helix FAT domain displays
see Tumbarello et al., 2002). As a result, paxillin LD-inter-two LD binding sites on opposite sites of the molecule
acting domains have been identified within the C-terminalthat bind LD peptides in a helical conformation.
domains of FAK (the focal adhesion targeting domain,Threading studies suggest that the LD-interacting do-
FAT), vinculin (the vinculin tail domain, Vt), ILK (the ki-main of p95PKL shares a common four-helical core
nase domain), actopaxin (the second CH domain), andwith the FAT domain and the tail of vinculin, defining
p95PKL. These domains are important for recruitinga structural family of LD motif binding modules.
their respective proteins to FAs, possibly via their inter-
action with LD motifs. Ligand-free structures of Vt (Ba-
Introduction kolitsa et al., 1999) and FAT (Arold et al., 2002; Hayashi
et al., 2002) have been determined. Each domain can
Integrin clustering at sites of cellular attachment to the be described as a four-helical bundle (helices 2–5 of Vt
extracellular matrix (ECM) triggers the formation of large and helices 1–4 of FAT) with an N-terminal extension.
and stable multifunctional submembrane protein as- The N-terminal extensions of both domains pack against
semblies termed focal adhesions (FAs). These “signalo- a surface offered by equivalent parts of the domain core
somes” are capable of processing and transducing a (helices 2 and 5 of Vt, equivalent to helices 1 and 4 of
wide variety of stimuli in both directions across the cell FAT). Additionally, both Vt and FAT seem able to partially
membrane, thus inducing, for example, cell motility, pro- unfold, as evidenced by proteolytic analysis of Vt (Bako-
liferation, apoptosis, adhesion-dependent reshaping, litsa et al., 1999) and by the crystallographic observation
and detachment from the ECM. A number of compo- of helix 1-exchanging FAT dimers (Arold et al., 2002). A
nents of FAs have been implicated in the metastasis of proteolytically sensitive form of Vt is observed in the
cancer cells (reviewed in Schlaepfer et al., 1999). presence of actin and phospholipids and was proposed
The assembly of FAs relies on the recognition of a to correspond to the membrane-bound conformation of
number of interaction motifs by their cognate binding Vt (Bakolitsa et al., 1999). The opening out of helix 1 of
modules. Some of these motifs, like the ligands of Src FAT was suggested to enable tyrosine 925, located on
homology (SH) 2 and 3 domains, are found in many helix 1, to be phosphorylated by Src family kinases and
different cellular processes, whereas others seem to be to bind to the SH2 domain of Grb2 (Arold et al., 2002),
more specific to FAs. Among the latter is the so-called thus triggering MAP kinase signaling (Schlaepfer et al.,
LD motif. 1994). The factors that influence the rearrangement of
LD motifs are peptidic binding motifs named after helix 1 remain to be defined.
the first two amino acids of their consensus sequence By NMR it has been determined that a 20 residue
peptide containing paxillin’s LD2 motif forms an amphi-
pathic helix (Liu et al., 2002). The binding site of this*Correspondence: jmw@bioch.ox.ac.uk (J.M.W.), stef@cbs.cnrs.fr
(S.T.A.) peptide has been mapped onto a region between helixes
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Figure 1. Sequences and Binding Partners of
LD Motifs
(A) Alignment of LD motifs from paxillin,
E6AP, and ERC-55. The LD2 and LD4 se-
quences used in this study are shaded in
gray. Underlined residues are predicted (by
PhD at www.expasy.org) to form an  helix.
In agreement with the solution structure of
LD2 (Liu et al., 2002), the helix of LD2 is pre-
dicted to continue until Q156. For LD4, the
helical conformation is predicted to continue
until Q281.
(B) Specificity, (predicted) fold, and location
of LD binding (sub)domains. LD binding ex-
periments are compiled from references
(Chen et al., 1995; Nikolopoulos and Turner,
2000, 2001; Tong et al., 1997; Turner et al.,
1999). Folds marked with an asterisk are as
predicted by homology modeling and se-
quence analysis.
1 and 4 of FAT (Liu et al., 2002). This site overlaps with Structural Basis of the FAT-LD Interaction
We have previously obtained a crystal form of the iso-one of two sites suggested by Hayashi et al. (2002) on
lated FAT domain that contains 70% solvent and threethe basis of mutagenesis studies and structural analysis.
FAT molecules per asymmetric unit (Arold et al., 2002).Using plasmon resonance, paxillin fragments containing
The presence of large solvent channels and the facteither LD2 or LD4 were found to bind to FAT with compa-
that every possible surface of the four-helical bundle israble affinity (KD  4 M), ten times weaker than the
exposed at least once among the three molecules madeaffinity displayed by a paxillin fragment containing both
this crystal arrangement an ideal template for cocrystal-LD2 and LD4 (Thomas et al., 1999).
lization and soaking experiments. Crystals of the FAT-LDThese efforts have so far failed to deliver the atomic
complexes were obtained in this crystal form by cocrystal-detail of any of the LD-ligand complexes. Also, the num-
lization (in the case of FAT-LD4) or by soaking peptideber of LD binding sites on FAT, the mechanisms that
into unliganded FAT crystals (in the case of FAT-LD2).govern selectivity of LD motif binding (Figure 1B), and
Diffraction data were recorded on two FAT-LD2 andthe existence of common structural determinants in LD-
two FAT-LD4 crystals (Table 1; and data not shown).ligand interactions have remained unclear or contro-
Helix 1 swapping was apparent for one of the threeversial.
molecules of dataset FAT:LD4-1 (further discussed be-We present here the first atomic structures of the
low). Electron density calculated with all four datasetsinteraction between two LD motifs (LD2 and LD4) and
showed a similar continuous unattributed feature be-one of their ligands, the FAT domain of FAK. This was
tween helix 1 and 4 (site 1-4) on molecule A, the onlyachieved by using a multidisciplinary approach includ-
molecule for which this surface is available within theing X-ray crystallography and solution NMR. The struc-
crystal lattice. With the exception of the N-terminal resi-tures provide a rationale for the body of information
due, the entire sequence of the LD peptides could begathered by mutational analysis (e.g., Cooley et al., 2000;
fitted unambiguously into this electron density (FiguresHayashi et al., 2002; Tachibana et al., 1995; Thomas et
2A and 2C). In ligand-free FAT, part of the same site isal., 1999), binding studies (Thomas et al., 1999), and
occupied by residues P911 and P912 from either theNMR chemical shift mapping (Liu et al., 2002). They
same polypeptide chain (molecule A of 1K05) or from aalso clarify currently controversial issues and supplant
symmetry related molecule (molecules B and C of 1K05)models proposed previously for the FAT-LD interaction
(Arold et al., 2002). In the LD-bound form of molecule(Hayashi et al., 2002). Aided by molecular modeling ap-
A, this intramolecular interaction is displaced by theproaches, the implications of these findings for the func-
peptide.tion of LD binding to FAK and to other ligands will be
Both LD2 and LD4 form an amphipathic helix, inter-discussed.
acting with site 1-4 in a similar fashion. For the purpose
of comparison, we have adopted a nomenclature for
Results and Discussion residues of an LD motif whereby the first characteristic
leucine (residues L145 and L266 of paxillin for LD2 and
For this study, two different peptide mimics of paxillin LD4, respectively) is referred to as position φ 0, with
LD motifs were used: LD2 (NLSELDRLLLELN, human preceding N-terminal residues referred to asφ1,φ2
paxillin residues 141–153) and LD4 (ATRELDELMASLS, etc., and subsequent C-terminal residues referred to as
human paxillin residues 262–274). To address structure φ 1, φ 2 (Figure 1A). The hydrophobic side of the
and dynamics of LD binding, two different FAT con- LD helix (positions φ 3, φ 0, φ 3, φ 4, φ 7, in
structs were employed: FAT (human FAK 892–1052) and LD2 residues L142, L145, L148, L149, L152, and in LD4
FATP (human FAK 867–1052). Compared to FAT, FATP residues T263, L266, L269, M270, L273) interacts with
contains an N-terminal flexible proline-rich sequence a hydrophobic patch surrounded by basic residues on
FAT, formed by helix 1 (Y925, V928, T929, V932, V935,that interacts with SH3 domains (Schlaepfer et al., 1999).
LD Motif Recognition by the FAT Domain
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Table 1. Diffraction Data Collection and Refinement Statistics
Dataset FAT:LD2 FAT:LD4-1 FAT:LD4-2e
Data collectiona
Cell dimensions a, b, c (A˚) 88.0, 220.8, 97.4 88.3, 223.3, 97.0 89.0, 219.7, 96.2
Resolution range (A˚) 34.5–2.85 41.6–2.35 29.6–2.85 [2.6]
Measured reflections 82912 116554 55304 [62275]
Unique reflections 22456 39088 19579 [23071]
Completeness (%) 99.6 (99.3) 97.3 (99.1) 88.4 (88.7) [79.3 (42.8)]
Rsym (%)b 10.4 (68.0) 8.1 (75.0) 6.2 (32.9) [6.4 (62.7)]
Average I/ 5.1 (1.1) 7.2 (1.0) 8.9 (1.2) [6.5 (0.3)]
Refinementc
Resolution range (A˚) 34.5–2.85 41.6–2.35 29.6–2.6
Rcryst (%)d 23.5 24.2 23.8
Rfree (%)c 27.5 27.3 27.0
Number of FAT (LD) per asymmetric unit 3 (2) 3f (2) 3 (3)
Number of non-H atoms 3480 3492 3523
Number of water molecules 41 119 50
Rmsd from ideal, bond lengths (A˚) 0.012 0.012 0.012
Rmsd from ideal, angles () 2.06 2.21 1.71
a Values in parantheses are for the highest resolution shell.
b Rsym  hj||Ih,j|  |Ih||/hj|Ih,j|, where Ih,j is the intensity of the jth observation of unique reflection h.
c All measured reflections were included in refinement except for the 7% that were used for calculation of the Rfree.
d Rcryst  h||Foh|  |Fch||/h|Foh|.
e Values in square brackets are for data to 2.6 A˚. Inclusion of data between 2.85 and 2.6 improved the maps.
f One FAT domain of the asymmetric unit exchanges helix 1 with a symmetry related molecule.
I936, and K933) and helix 4 (A1028, V1029, L1035 and is located in proximity to FAT K933 and may form an-
other salt bridge. Well defined electron density for thisK1032). The peptides are further stabilized by a hydro-
gen bond between the side chain of FAT H1025 (helix interaction is, however, lacking, possibly a consequence
of the high ionic strength in the crystallization conditions4) and the backbone oxygen of position φ 7 (LD2:
L152; LD4: L273), respectively. Charge complementarity (3–4 M NaCl).
After several rounds of refinement, a second patchis achieved by pairing of position φ 1—the “D” of the
LD motif—with FAT K1032. The glutamic acid at φ 1 of unattributed electron density became apparent. This
Figure 2. Refined LD Peptides in their Unbiased 3Fo-2Fc Electron Density Maps
Maps were calculated using CNS and contoured at 0.9 . (A) LD4 peptide (ball-and-stick representation) bound to FAT site 1-4 (ribbon
presentation); (B) LD4 peptide bound to site 2-3; (C) LD2 peptide bound to site 1-4; (D) LD2 peptide bound to site 2-3. Figure prepared with
Aesop (M.E.M.N., unpublished data).
Structure
1210
Figure 3. The Interaction between FAT and LD Motifs
Underlined labels refer to LD peptides (ball-and-stick models). Surface representations of FAT domains are colored according to blue, basic;
red, acidic; green, hydrophobic. (A) LD2 and (B) LD4 peptides bound to FAT helices 1-4 (left panel) and 2-3 (right panel). Figure prepared with
Aesop (M.E.M. Noble, unpublished data).
density is located on molecule C, between helices 2 and opposite orientation). Attempts to obtain better defined
electron density for peptides bound to site 2-3 using3 (site 2-3), in the proximity of I998 (Figures 2B and 2D).
The quality of this density was not sufficient to determine higher peptide concentrations failed, as these condi-
tions precluded crystal formation or disrupted crystalsthe directionality of the peptide chain. The low quality
of the density of site 2-3 does not necessarily indicate used for soaking. We therefore used NMR spectroscopy
to characterize the binding event in solution and, ina lower affinity of this site, as it may result from a high
mobility of molecule C (15% higher mean B factor than particular, to support details of the site 2-3 interaction.
Using NMR, the interactions of LD2 and LD4 peptidesmolecule A) or from a stronger influence of the high salt
content (site 2-3 offers more charged amino acids for with FAT and FATP were monitored by chemical shift
perturbation of the NH groups. The N-terminal extensioninteraction than site 1-4; Figure 3).
Site 2-3 resembles site 1-4 in that it displays a hy- of FATP (residues 867–891) is not involved in LD binding,
since none of the additional NH resonances of FATPdrophobic patch harboring a solvent-accessible isoleu-
cine (site 1-4: I936; site 2-3: I998) with basic charges in are shifted significantly in either peptide titration. NMR
confirms in solution the crystallographic observation ofequivalent relative positions (site 1-4: K1032; site 2-3:
R962). Superimposing these features of both faces, the a change in the environment for residues N-terminal to
helix 1 upon LD binding, in particular residues N916 andLD model of site 1-4 fitted approximately the free elec-
tron density of site 2-3. The peptide orientation from L917 (Figure 4A).
About half of the NH groups showed measurablesite 1-4 was thus used as a template for interpreting the
unattributed electron density of the site 2-3. chemical shift perturbations (i.e., where the weighted
combined NH and 15N shifts were greater than 0.02 ppm)Fitted in this orientation, Asp in position φ 1 forms
a salt bridge with FAT R962. The latter was found moved in the presence of LD peptides, suggesting that there
was more than a single binding site for LD peptidesaway from its position in unliganded FAT to allow dock-
ing of the hydrophobic face of the helical peptides to (Figure 4A). In both FAT constructs the same residues
were perturbed by the addition of either LD peptide,hydrophobic residues on FAT helix 2 (V951, V954, L959,
L961) and helix 3 (L994, I998, M1001). Although defined indicating that LD2 and LD4 both interact in a similar
fashion with FAT. The largest perturbations were ob-side chain electron density is missing, the amino acid
constellation makes it likely that charge pairing occurs served for residues in helix 2 and in helix 3. Specifically,
residues K955, E956, V957, L959, R962, T963, A966,between φ 1 (LD2:E144; LD4:E265) and FAT K988,
and between position φ 1 (LD2:D146; LD4:D267) and N991, and G995 showed a combined weighted NH and
15N shift greater than 0.2 ppm in response to a 3-foldFAT R962. Further interactions are probably formed be-
tween FAT K955 and the backbone oxygen of position molar excess of LD4. Significant shift perturbations, al-
beit generally smaller, were also observed for residuesφ4, and, for LD2, the O1 of N153 (φ8), and between
FAT K1002 and the side chain of position φ 6 in helices 1 and 4, with the largest combined shifts
greater than 0.09 ppm detected for residues V928, K933,(LD2:E151; LD4:S272). In terms of charge-pairing, LD2
fits site 2-3 better than LD4 due to the possibility of a M938, K941, and I942 in helix 1 and A1024, A1028,
V1029, A1031, and K1032 in helix 4.salt bridge between LD2 φ 6 and FAT K1002.
The peptide orientation for site 2-3, as inferred from As a further probe of ligand binding, we measured NH
exchange between the solvent and either free or LD-homology with site 1-4, leads to a model with good
charge and surface complementarity. This orientation bound FATP. In both forms amide protons of residues
in the N and C termini, surface-exposed loop regions,also displays the lowest Rfree value (1%–2% less than the
LD Motif Recognition by the FAT Domain
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the presence of LD2, while they are in fast exchange in
the presence of LD4. The peptide-dependent behavior
of the resonances of these amides can be readily under-
stood from our model of LD binding to site 2-3, which
places different side chain functionalities close to these
amides in the FAT-LD2 complex than in the FAT-LD4
complex. The FAT residues involved are FAT K955, which
is positioned between φ 4 (LD2:L149; LD4:M270) and
φ 8 (LD2:N153; LD4: S274), FAT A966, which is close
to positionφ3 (LD2:L142; LD4: T263), and, in the core
of the binding site, FAT G995, which accommodates the
leucine at position φ 3 that is flanked by sequence
differences between LD2 and LD4 at theφ2 andφ4
positions. These specific differences provide experi-
mental validation for the proposed orientation of the LD
peptides in site 2-3 of the crystal structure, which was
otherwise supported by only weak electron density.
In summary, crystallography has revealed the atomic
detail of the interaction of LD2 and LD4 with site 1-4 of
FAT. Additional weak electron density suggests a sec-
ond LD peptide on the diametrically opposite site 2-3. The
combination of NMR chemical shift changes and solvent
exchange data confirms the location of both LD ligand
binding sites on FAT in solution (Figure 5). The orienta-
tion of LD peptides on site 2-3 was initially inferred from
homology with the well-defined site 1-4 and is supported
by NMR data. Our observation of two distinct binding
sites might explain the finding by Thomas et al. (1999)
that a paxillin construct comprising both LD2 and LD4
displays a 10-fold higher affinity for FAT than fragments
containing a single LD2 or LD4 motif.
Our NMR results suggest that the affinities of both
binding sites for LD2 and LD4 are similar (data notFigure 4. Chemical Shift and D2O Exchange Data for FATP in So-
shown). The lower occupancy of site 2-3 in our crystallo-lution
graphic data could be a result of differences in pH (af-(A) Weighted combined 1H-15N chemical shift perturbation of FATP
in the presence of three times molar excess of LD4: fecting the protonation state of H1025 in site 1-4) or to
differences in crystallographic environment (e.g., higher
	  √(1Hbound  1Hfree)2  (1/6(15Nbound  15Nfree))2. mean B factor of the molecule for which site 2-3 is
The dotted line at 0.08 ppm indicates the threshold applied to iden- available within the crystal lattice). It is also possible that
tify significant shifts. the N-terminal 15 residues of FAT (residues 892–908),
(B) Amide protection against solvent (D2O) exchange for free FATP for which no electron density is apparent, somehow
(top panel), FATP with three times molar excess of LD4 (middle
interfere with binding to site 2-3 in the crystalline envi-panel) and the difference (lower panel). Filled horizontal bars denote
ronment.helices 1 to 4 based on the secondary structure of FAT in the crystal
Both LD binding sites of FAT share the same architec-structure.
ture, characterized by a hydrophobic patch between
two helices, surrounded by basic residues that interact
and the first turns of helices were exchanged faster than with the negative charges of the LD peptides. Our analy-
the experimental time resolution of 1 hr (Figure 4B). In sis shows the importance of the acidic amino acids in
the LD-bound form, about a third of residues in the core LD position φ –1 and φ 1 (ELD) for charge pairing
of the helices of FATP were protected for longer than interactions with FAT. The positions of both sites on
in the free state (Figure 4B). In particular the rate of FAT correspond well to those suggested by Hayashi et
exchange of a substantial fraction of residues in helix 1 al. (2002) based on structural and mutational analysis
(V928, T929, L931, V932, and A934 to M938) and helix of unliganded FAT. The orientation of the LD peptides
3 (D993, L994, and E996 to K1000) was much slower. is, however, inverted as compared to their proposed
Together with the identity of residues undergoing signifi- models. The LD2 binding region mapped on FAT by Liu
cant chemical shifts, these data define a footprint of LD et al. (2002) using NMR chemical shift analysis coincides
binding by NMR that agrees well with that suggested in with site 1-4. The authors identified only one binding
the crystal state for both site 1-4 and site 2-3 (Figure 5). site on FAT, although they noted chemical shift perturba-
The difference between the combined shifts of the tions of all four FAT helices upon binding to paxillin LD2
FATP-LD4 and FATP-LD2 spectra was generally small (Liu et al., 2002) and suggested that the LD2 peptide
(less than 0.05 ppm) except for certain residues on helix shifts a weak association equilibrium of FAT toward FAT
2 and 3. The NH resonances of some of these residues monomers. We investigated aggregation effects by ana-
lytical gel filtration, by concentration dependence of theshow fast to intermediate exchange characteristics in
Structure
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Figure 5. Definition of the LD4 Binding Sites in Solution by Mapping the NMR Data on the Structure of FATP
Each of the four faces of the FAT bundle is related by a 90 rotation around the long axis of FAT. FATP is shown in a ribbon, and LD4 in a
stick representation. Residues with a significantly perturbed combined chemical shift are colored in green (	 
 0.08 ppm: pale green; 	 

0.2 ppm: fully saturated green). Residues with an increased or maximal protection of amide exchange in the presence of LD4 are shown in
blue. Residues that meet both of the above criteria are shown in red. Unassigned residues are colored black. Figure prepared with Aesop
(M.E.M.N., unpublished data).
15N and NH chemical shifts, and by comparing rotational used in this study. LD motifs 1, 3, and 5 lack a bulky
hydrophobic residue at position φ 10, where LD2 andcorrelation times of free and liganded FATP. None of
these techniques indicated significant amounts of FATP LD4 have a valine and phenylalanine, respectively, that
could contribute to binding to FAT. Finally, the energymultimers or changes in the association state of FATP
in the presence of LD peptides. The different inferences required by the individual LD motifs to form the helical
conformation needed for binding may also be a criterionof Liu et al. (2002) may result from the different con-
structs or conditions used: Liu et al. (2002) apparently of selection. The helical contents of LD3 (0.8%) and LD5
(1.3%), as predicted by AGADIR at http://www.embl-collected their spectra in the absence of salt and used
FAT916-1052, a construct that lacks residues 909–913 of heidelberg.de/cgi/agadir-wrapper.pl (Munoz and Ser-
rano, 1994), are significantly lower than those that arethe N-terminal extension of FATP that covers site 1-4
in absence of LD peptides. involved in protein binding (LD1, LD2, and LD4; 4.3%,
48.7%, and 6.5%, respectively).The displacement of this N-terminal extension of FAT
upon LD binding to site 1-4 may have a role in promoting In conclusion, the LD motif appears to be a promiscu-
ous recognition sequence. This is corroborated by oura more open conformation of FAK. This in turn may
increase binding of other signaling molecules, for in- experimental data showing that both LD2 and LD4 bind
to both sites on FAT. Some level of selectivity may bestance to the proline-rich region situated immediately
N-terminal to FAT, thus helping the assembly of the FA obtained as a result of modulated affinity due to details
of side chain pairing and by the length and stability ofsignalosome.
the helical conformation of LD motifs.
Specificity in LD-FAT Interactions
To investigate why FAT selectively binds to paxillin LD LD Binding and FAT Conformational Transitions
We previously reported helix 1-exchanged FAT domainsmotifs 2 and 4, we modeled the hypothetic complexes
of FAT and paxillin LD motifs 1, 3, and 5, based on the indicating that helix 1 is capable of opening out (Arold
et al., 2002), possibly providing the conformation thatFAT-LD structures (data not shown). Analysis of these
model structures suggested subtle reasons for why LD supports phosphorylation and Grb2 binding of FAT Y925
(Schlaepfer et al., 1994). Since LD binding, implicatedmotifs 1, 3, and 5 appear defective for FAT binding in
pull-down assays. For example, LD1, 3, and 5 lack the in targeting FAK to FAs, occurs before Grb2 signaling,
we investigated the effects of LD association on thepossibility for a hydrophobic interaction at positionφ3
and for charge pairing at position φ 1 (the Asp side stability of FAT.
The formation of helix 1-exchanged dimers can bechain of LD1 appears to be too short). Additional dis-
crimination may be achieved by residues outside the taken as an indicator of the propensity of helix 1 of FAT
to separate from the rest of the four-helical bundle. Helixcore of the LD motifs, not included in our peptide mimics.
Indeed, the solution structure of LD2 shows that the 1 swapping between FAT domains was found in mole-
cule A of one of the two crystals that were grown inhelical conformation continues until Q156 (Liu et al.,
2002), i.e., one helical turn further than in the LD2 peptide presence of LD4. Since both crystals grew from the
LD Motif Recognition by the FAT Domain
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same protein stock solution under the same conditions 1 and the subsequent loop to protease digestion (Bako-
litsa et al., 1999). The same conformational change couldand over a similar length of time, it remains unclear what
factors promoted the formation and inclusion of domain- expose a surface equivalent to site 1-4 for an interaction
with other ligands, such as LD motifs.swapped dimers in one of them. To determine the time
course of domain swapping in solution, we carried out The three-dimensional structures of the other known
LD targets have not yet been determined. To obtainanalytical gel filtration of monomeric FATP incubated
overnight with or without LD peptides. This analysis structural information on these proteins, sequence
threading and homology modeling was carried out. Theshowed that the amount of stable, presumably domain-
swapped dimers formed (approximately 2.5% of total sequences of the domains to be modeled were submit-
ted to two metaservers (http://bioserv.cbs.cnrs.fr andprotein) is not significantly altered by the presence of
peptides (data not shown), thus excluding a gross im- http://bioinfo.pl), and in cases where a significant hit
was returned, modeled using the program Modeller (Salipact of LD peptides on the structural transitions of
helix 1. and Blundell, 1993) (see Experimental Procedures). Both
servers identified, with a significant score, a FAT-likeIn order to further characterize local structural stability
in the FAT domain, we have analyzed the protection of fold as the best structural template for the LD4-inter-
acting domain of p95PKL (best ranked compatible fold:main chain amide protons from exchange with solvent
D2O. From this analysis, helix 1 appears to experience PDB1K40; sequence identity: 21%; FUGUE Z score: 5.9).
p95PKL modeled on the basis of the sequence align-greater conformational freedom than the rest of the do-
main; a large fraction of residues in helix 4 and some in ment derived from the metaservers displays potential
LD interaction sites corresponding to both FAT sites. Inhelix 3 and 2 were protected for more than 24 hr while
the majority of residues in helix 1 were exchanged after particular, FAT’s LD binding site 1-4 is well conserved
(Figure 6). p95PKL binds only one LD motif, LD4. It is1 to 2 hr. LD4 binding substantially increases the number
of slowly exchanging amides, suggesting a net rigidify- therefore possible that p95PKL binds LD4 akin to FAT
between helices 1 and 4. p95PKL is a member of a largeing effect on the structure. This interaction preserves
the pattern of greater exchange rates occurring in helix family of ARF GAP proteins, including GIT-1/2, whose
potential FAT domain is well conserved.1, although the difference between helix 1 and its neigh-
bors is smaller in the presence of LD4. Notably, amides The domain of ILK that binds (exclusively) to LD1 can
be identified with good confidence as a kinase domainin the helical turn following Y925 exchange relatively
rapidly both in the presence and absence of LD4, indi- (most compatible fold: PDB1BYG; sequence identity:
28%; Z score given by the fold recognition programcating that while the overall structure of FAT is stabilized
by the LD peptides, the region near Y925 on helix 1 FUGUE: 49.0). The residues of ILK of which mutation
abolishes LD1 binding are located in the C-terminal lobe,remains comparatively malleable.
The binding of FAT to Src and Grb2 is likely to be within a subdomain that adopts a helix-bundle fold (Fig-
ure 1B). Actopaxin is predicted to form a tandem pairdisfavored in the FAT-LD peptide complexes described
in this paper in two ways: first, because the footprint of of CH domains (Nikolopoulos and Turner, 2000) (most
compatible fold: PDB1DXX; sequence identity: 23%;LD-peptide interactions includes Y925, which is central
to Src kinase and Grb2 interactions, and second, be- FUGUE Z score 19.5). Residues important for the inter-
action of actopaxin with paxillin LD motifs 1 and 4 arecause LD peptides stabilize the four-helical fold of FAT,
which is obliged to rearrange in order to allow Src kinase found in the loop connecting the first and second helix
of actopaxin’s C-terminal CH domain. Modeling serversand Grb2 binding. The adoption by FAT of a productive
Src and Grb2 binding conformation probably depends failed to confidently predict the structure of BPV E6,
although it contains sequence motifs consistent withon the conformational freedom of helix 1, but may be
further promoted in vivo by other components of FAs. forming two zinc fingers. A point mutation in the second
putative zinc finger abolished LD1 binding (Tong et al.,
1997).
Implications for Other LD Binding Structures In summary, the majority of LD binding proteins inter-
The tail domain of vinculin (Vt) was shown to associate act with LD motifs through predominantly helical do-
in vitro with paxillin LD motifs 1, 2, and 4 (Turner et al., mains. Of these, FAK, vinculin, and p95PKL appear to
1999). Analysis of deletion mutants (Wood et al., 1994) exploit a C-terminal four-helical bundle in their associa-
suggested that paxillin binding by vinculin requires resi- tion with paxillin. We note, however, that other folds
dues between 978 and 1000 (forming Vt helix 4), but not have also been used to bind to LD motifs, as is illustrated
the residues that correspond to Vt helix 5. The structure- by actopaxin and E6.
based superposition of FAT and Vt aligns a surface
formed by helices 2 and 5 of Vt with FAT site 1-4, and
a surface formed by vinculin helices 3 and 4 with FAT Conclusions
Spatial and temporal control of the interactions of focalsite 2-3. Only the former resembles the LD-interaction
surfaces of FAT, bearing a hydrophobic patch sur- adhesion targeting domains with LD motifs are important
for correct assembly of focal adhesions, multiproteinrounded by basic residues (Figure 6). In the crystal struc-
ture of Vt, this surface is occluded by helix 1, analogous structures that process a multitude of cellular responses
from and to the extracellular matrix via integrins.to the N-terminal extension occluding site 1-4 in unli-
ganded FAT (Figure 6). Bakolitsa and colleagues note Through the combined application of crystallography
and NMR, we have been able to produce and validatethat Vt undergoes a conformational change upon phos-
pholipid binding that increases the accessibility of helix a detailed model of the molecular architecture of the
Structure
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Figure 6. Analysis of Potentially FAT-like LD Binding Domains
(A) Sequence comparison of LD binding domains that (potentially) adopt a FAT-like fold. The C-terminal domains of FAK and vinculin were
aligned based on their crystal structures. Secondary structure features of FAT are indicated. FAT residues marked with a “plus” or “minus”
constitute LD binding site 1-4 or 2-3, respectively. Strictly conserved residues are highlighted in black.
(B) Proposed molecular architecture of LD binding sites for vinculin (Vt) and p95PKL. Surface representations of the domains are colored
according to blue, basic; red, acidic; green, hydrophobic. Figure prepared with Aesop (M.E.M.N., unpublished data).
association between two paxillin LD motifs (LD2 and minal extension. The resulting, more open, conformation
of FAK may expose latent binding sites and thus stimu-LD4) and the FAT domain from FAK. The resulting struc-
tures of the FAT-LD complex presented here describe late the assembly of FAs. After recruitment to FAs, FAT
contributes to FAK signaling via Y925, located on helix 1.two LD binding sites on FAT, formed by helices 1 and
4 (site 1-4) and by helices 2 and 3 (site 2-3) (Figures 3, 5, After phosphorylation, this tyrosine interacts with Grb2,
thus stimulating signaling through the MAP kinase path-and 7). The structures allow us to rationalize the existing
body of mutational data and to revise previously pro- way (Schlaepfer et al., 1994). For this to happen, the
region around Y925 needs to undergo structural re-posed models for the interaction.
Our analysis evidences the dynamic role of the FAT arrangements. NMR indicated that helix 1 may possess
the necessary plasticity for a dual role in LD binding anddomain for the function of FAK: The recruitment of FAK
via binding of paxillin LD motifs displaces an intramolec- Grb2 signaling. However, our analysis also shows that
LD binding to site 1-4 occludes Y925 and stabilizes FAT.ular interaction between the FAT domain and its N-ter-
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OH), respectively. 15N-labeled FATP and FAT were purified as de-
scribed previously (Arold et al., 2002). In addition 15N13C-labeled
FATP in 25 mM Na2HPO4 (pH 5.8), 1 mM NaCl was loaded onto a
MonoS column (Pharmacia) and eluted by gradually increasing the
NaCl concentration to 300 mM. Purity of recombinant protein prepa-
rations was confirmed by SDS page, analytical gel filtration, and
mass spectrometry.
Purified proteins were concentrated and thoroughly dialyzed into
50 mM Na2HPO4/NaH2PO4 (pH 6.9), 100 mM NaCl, and 0.01% sodium
azide. D2O was added to 3% to all samples before measurement.
Protein concentrations were determined spectrophotometrically by
measuring the absorbance at 280 nm (using a calculated 280nm 
6400 M1cm1 for both FAK constructs).
Synthesized (Dr. Graham Bloomberg, Dep. Biochemistry, Bristol,
UK) paxillin-derived peptides LD2 (NLSELDRLLLELN, human paxillin
residues 141–153) and LD4 (ATRELDELMASLS, human paxillin resi-
dues 262–274) were dissolved in 50 mM Na2HPO4/NaH2PO4 (pH 6.9),
100 mM NaCl, and 0.01% sodium azide at concentrations of 6 mM
and 8 mM, respectively, and the pH was readjusted to 6.9.
NMR Experiments
All NMR experiments were performed at 25C on home-built spec-
trometers consisting of Oxford Instruments magnets operated at 1H
frequencies of 600 and 750 MHz, three and four channel consoles,
and triple resonance triaxial gradient probes. All experiments used
gradient enhanced coherence selection (Kay et al., 1992) and water
flip back (Grzesiek and Bax, 1993b) wherever possible.
For backbone assignment of FATP, 3D 15N-edited NOESY-HSQC
(Kay et al., 1989a) and TOCSY-HSQC (Driscoll et al., 1990) spectra
with mixing times of 100 and 35 ms (10 kHz DIPSI-2 sequence;
Shaka et al., 1988), respectively, were recorded on 1 mM samples
of FATP as well as the 3D triple resonance experiments HNCA (Kay
Figure 7. Model of the FAT Domain Bound to Two LD Motifs et al., 1990), HNCOCA (Grzesiek and Bax, 1992b), and CBCACONH
Ribbon representation of FAT is color ramped from the N terminus (Grzesiek and Bax, 1992a). H, H, and NH resonances were as-
(blue) to the C terminus (red). Positions of the LD peptides (pink) signed based on a combination of cross-peaks in the 3D 15N-edited
were taken from molecule A (site 1-4) and molecule B (site 2-3) of TOCSY and NOESY-HSQC spectra between H, H to NH, and NH
dataset FAT:LD4-2 (see Table 1). Side chains of FAT Y925 and of to NH resonances as well as through bond correlations between
positions “L” and “D” of the LD motifs are shown. Figure prepared the C(i1) and C(i) observed in the HNCA and HNCOCA. Charac-
with Aesop (M.E.M.N., unpublished data). teristic C/C shifts in the CBCACONH aided the identification of
amino acids (Grzesiek and Bax, 1993a). In total, 82% of the 15N
and NH signals of FAT were assigned, and none of the remaining
resonances was affected significantly in the LD titrations.Environmental factors in an evolving FA may be required
Peptide titration experiments were carried out by adding increas-to displace the LD motif on site 1-4 and to promote the
ing amounts of 6 mM LD2 and 8 mM LD4 to 280 M 15N-labeledadoption of a Grb2 binding conformation. During Grb2
FATP or 300 M FAT with a final peptide:protein ratio of 3:1. For
signaling, interaction with the second LD motif may con- each titration step, gradient enhanced 2D 1H-15N HSQC spectra (Bo-
tribute to the maintenance of FAK in FAs. The resulting denhausen and Ruben, 1980) were recorded with acquisition times
of 99.1 ms (t1, 15N) and 64 ms (t2, NH).weakening of the FAT-paxillin association could play a
For D2O exchange experiments, 300 l samples of 500 Mrole in the disassembly and degradation of FAs after
15N-labeled FATP with and without a 3-fold excess of LD4 peptidesignaling.
were freeze-dried overnight and then resuspended in D2O. StartingWe have presented evidence that the LD binding do-
immediately after resuspension, a series of gradient-enhanced 2D
mains of vinculin (Vt), FAK (FAT), and p95PKL are close 1H-15N HSQC spectra with acquisition times of 64.7 ms (t1, 15N) and
structural relatives and may define a family of focal ad- 64 ms (t2, NH) were recorded. Amide resonances of measurable
intensity after 1, 2.5, 3.5, 4.5, 5.5, 23, and 48 hr in D2O were identifiedhesion targeting domains. The recognition of the FAT
as not exchanged at these times, respectively.structure as a prototype of a structural motif involved
The overall rotational correlation times of FATP and FATP within LD binding may help to identify an LD binding role
three times molar excess of LD4 were estimated from the averagefor other structures solved in the future. We also expect 15N-T1/T2 ratios (Kay et al., 1989b). Average 15N-T1 and T2 relaxationour results to contribute to the design of competitive time constants were obtained from monoexponential fits to the de-
agents that modulate FA targeting; such agents would cays of the integrals over the first increment (i.e., effectively omitting
the 15N evolution) of a series of 8 to 12 2D 15N-T1 and T2 experimentsbe extremely useful in the study of FA biology and might
with relaxation delays between 0.02 to 2 s and 0.0086 to 0.258 s,find application in inhibition of metastasis.
respectively (Farrow et al., 1994). Integrals were taken between 10
and 8.7 ppm so as to minimize the number of NH resonances ofExperimental Procedures
fast tumbling residues and therefore obtaining a good estimate of
the overall tumbling.Sample Preparation
Data were processed with Felix 2.3 (Biosym, Inc., San Diego, CA)Uniformly 15N- and 15N13C-isotopically labeled recombinant human
and analyzed with NMRview5 (Johnson and Blevins, 1994).FAK867-1052 (FATP) and FAK892-1052 (FAT) (Arold et al., 2002) were ex-
pressed in E. coli strain BL21(DE3) (Novagen) using minimal medium
(M9) supplemented with 0.8 g/l 15NH4Cl (15N 98%; Cambridge Isotope Crystallographic Analysis
Recombinant FAT was prepared for crystallography as previouslyLaboratories Inc., Andover, MA) or 0.8 g/l 15NH4Cl and 0.3% 13C-
enriched glucose (min. 99 Atom% 13C; ISOTEC Inc., Miamisburg, reported (Arold et al., 2002). Synthesized LD4 peptide, solubilized
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at 10 mM in 40 mM Tris (pH 8.1), was mixed at a 1:1 ratio with References
purified FAT to obtain the complex at a final concentration of 1 mM.
The complex was crystallized at 18C using the hanging drop vapor Arold, S.T., Hoellerer, M.K., and Noble, M.E. (2002). The structural
diffusion method, under conditions very similar to unliganded FAT, basis of localization and signaling by the focal adhesion targeting
i.e., 3.9 M NaCl, 5% glycerol, 100 mM HEPES (pH 6.3). Synthesized domain. Structure (Camb.) 10, 319–327.
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